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O')  .IIMMAKV 


rht.‘  twt>-sta^«!  axial  i  oiii|iri'.s.sor  war>  riMlfsi(;ne(|  uiiin|{  tuHt  data 
frtmi  till'  previous  two  sta^c  (>  sin  aiul  frtiiii  an  uii.ilysiu  of  a  family  of 
hi^li  |ii'i'ssut'i'  ratio  axial  i  tiiii|>r«'sstii'  rotors.  'I'lii-  major  chun^fs  inadr 
til  the  original  design  weri*  rediu'.cd  s«didity  i'l  lioih  rotors,  increased 
first-sta^e  rotor  as|>ci:t  ratio,  and  iii(.>ditiiMj  tirst-sta^e  rotor  blade 
profile. 

Tin*  reiU’si^iied  axi.il  eonipressor  had  the  following  d«-sif«n  point 
perfornianee  ^oals; 

Airflow  .S  ihs '^sei- 
Pressure  ratio  J.U;I 
A<liahatie  effiei«-iuy  K2.f>  piTceiit 
Inlet  hub  tip  ratio  ).Si 

First-stane  rotor  t  p  spio-il  -  144H  It/sec 
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(U)  FUUKWOKI) 


This  i  i'port  pi  fsiMits  lh»-  r4'<|rsinii  analysis  <if  tin-  .ixial  coiiipi  t  s - 
st>r  pruLiratn  U)  r  thf  acK  ain’»*rnnnt  nl'  small  j^as  tuf  hint-  CDiiipofn-nt  tfc  h- 
tu>h)>;y.  riu-  ft-ilnsinn  analysis  is  p rns i-nl«al  as  an  .nldfiidniii  tu  Volume 

11. 


Phis  proi^ram  was  spnnso ri-d  by  tin-  United  States  Army  Aviation 
Mati*ric*l  Laboratories  nndi-r  Contract  DA  44  -  177  -  AMC -idVb  ('1 ) ,  Task 
lC.lt)J.*03D14413. 

The  compressor  program  was  tlivided  into  thr«M-  phases.  Phase 
1  presents  a  study  of  a  fanjily  of  aclvancerl  .axial  compn-ssors.  It  is  re¬ 
ported  as  Volume  1,  with  an  addendum  under  a  separat«*  rover  reporting; 
the  analysis  and  design. 

Phases  11  and  111  are  presented  in  Volume  11.  Phase  11  presc-nts 
the  axial  compressor  fabrication  and  test.  Phase  III  presents  the  axial 
compressor  redesign,  fabrication  and  test. 
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(C)  nKTAlI.KI)  AKRODYNAMIC  HKDKSKIN  (U) 


(U)  Tht*  cumprt'HHor  rutur  under  Htudy  in  thin  pruKraiii  ih  nhown  in 
Figure  I.  The  redenign  of  the  compri^HHor  rotor,  firut-Htage  waH  initi¬ 
ated  based  on  the  analysiH  of  the  family  of  high-preiiHure- ratio  axial 
compressor  rotors  using  the  following  ground  rules: 

Parameter  Range 

Tip  Solidity  1.3  to  1.45 

Aspect  Ratio  Greater  than  O.K 

Free  Vortex  Diffusion  Factor  Less  than  0.5 


(U)  Five  redesign  flowpaths  were  generated.  Each  flowpath  was  con¬ 
structed  to  cover  the  range  of  hub  and  tip  contours  capable  of  matching 
with  the  existing  second-stage  flowpath  contour.  The  aerodynamic  pa¬ 
rameters  resulting  from  computer  runs  for  each  flowpath  were  analysed 
and  compared  to  provide  direction  to  the  final  redesign  flowpath.  The 
optimum  flowpath.  Figure  2,  was  selected  on  the  basis  of  rotor  tip 
relative  Mach  number,  tip  turning,  tip  loading,  and  stator  hub  absolute 
Mach  number.  The  rotor  losses  used  in  this  study  were  obtained  from 
the  high-pressure- ratio  axial  compressor  analysis. 

(U)  Using  the  optimum  flowpath,  the  first-stage  rotor  exit  pressure 
profile  was  varied  to  determine  the  effect  of  this  parameter  on  the  sec¬ 
ond-stage  rotor  incidence  angles  and  the  compressor  exit  velocity  grad¬ 
ient.  From  this  analysis,  it  was  determined  that  a  flat  first-stage  rotor 
exit  stagnation  pressure  profile  provided  the  best  second-stage  incidence 
match  and  compressor  exit  velocity  profile. 

(U)  Throughout  the  redesign  analysis,  the  Continental  axial  compres¬ 
sor  aerodynamic  design  computer  program  was  used  to  generate  the 
static  pressures  and  the  corresponding  velocities.  This  program  includ¬ 
ed  the  effects  of  streamline  curvatures  and  calculated  tile  boundary  layer 
growths  based  on  flat-plate  tiieory. 


(U)  Table  I  compares  the  redesign  compressor  performance  with  the 
original  design  values.  A  1 -percent  transition  duct  loss,  which  was 
verified  in  Phase  1  testing,  was  used  to  determine  the  overall  perform¬ 
ance  at  the  end  of  the  transition  duct.  The  differences  in  first-stage 
and  overall  efficiency  between  the  original  design  and  the  redesign  are 
directly  related  to  the  reevaluation  of  first-stage  losses.  In  addition 
to  redesign  of  the  first  stage,  the  aerodynamic  implications  of  second- 
stage  solidity  were  investigated  in  g^'^at  depth.  Significant 

1 
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f  jf  r  1 r  rii.uu  (■  iik  roasos  wore:  ,tnti(.-i{)atffl  with  a  r«*duci*ci  solidity  s<‘Cond 
('['  ihlo  1)  (liK-  to  reductions  in  loss  coefficient  and  increases  in 
!•((’  :<  I  t  flow  ranm  . 

H')  ['tie  ei  ori.l  -  staije  solidity  analysis  was  conducted  usinp  tlu’ 

'".o  .1  iric'.l.il  double  circiil  ir  arc  hlafle  loss  system.  This  loss  system, 
wtiK  h  w  IS  reia-ntly  placer!  in  operation,  predii  ts  losses  based  mainly 
)■  dnf  isio'i  and  i ntir  al  .Vlacti  number  criteria.  This  rrn'thod  has  sue  - 
■  essf  illv  predie  ter!  [lerformance  of  other  compressors  in  the  Mach  num- 
(e  r  and  'liltiision  raiiue  ot  the  USAAVLABS  s»*ceind  sta^e. 
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(U)  As  .1  inns  ('(jiiciii  (■  nl  till'  .t'lnnil  sniiility  •iiiitlysis,  the  tiiliii 

l)i*i'  nl  blaili'S  III  till'  si'i'niiil  st.i>^‘n  rndui  i'il  Innii  d  I  tii  M,  a  solidity 

rndui'tinii  nl  1‘<.S  pi-ri  fiit.  'I'lic  Id.idn  l  onloiir  nl  tlir  (ii'ip.in.il  sciorid 
st.im-  was  ina  intaiiii-d. 

(IM  riin  Inssis  list'd  tni  tlin  rndi' s  Ij.' llnd  lirsl  sl.i^p'  rotnf,  l■'l^.Mlrl•  i, 

as  I'ninpa  ci'i!  to  thn  original  \'aliii's,  show  .1  s  ittiiifii-int  itu' i-  at  the 
li|)  of  till'  rntnr  .iiid  .1  sli^;hl  ilni  ri'.is  n  Ij'oin  tlin  liiih  to  .il>oiit  HO  jx' ici'tit 
span.  Tlu.s  tmiid  was  obsiTvod  in  tin-  tnsl  data  for  most  of  tlin  rotors 
invi'stijtati'il  in  tlii'  liijtli  •  p  ri's  s  11  rn  ■  r.it  10  axial  romp  ii-s  so  r  study. 

(f)  'I'lii'  loss  v.iri.ition  .iloii^^  tlir  liladn  ludftlit  significantly  tdiatif'cs 
till  loi'.il  tip  lo.idin^,  .is  shown  in  .1  coinp.i  risoii  with  diffusion  factors 
.mil  ii'l.itivi'  vi'liH'ity  i.itin,  I'  inurns  -1  ami  5,  n  spi'ctivtdy .  Thi'  value  of 
tip  difliision  f.ii'lor  for  the  redesittm'd  rotor  (0.  50)  appears  to  he  hij>h  hut 
h.is  heeii  demonstrated  .ind  exc.i'edi'd  on  previous  Continental  hinh-pres- 
sure  r.itio  rotors.  For  I'xampU*.  the  first-sta^te  rotor  of  Continental's 
.5:1  pressuri'  r.itio  compressor  has  dtmionstrati'd  tliffusion  factors  in  ex¬ 
cess  of  0.ti5  at  comjiarahle  ti[)  pressur»‘  ratio  levels. 

(C)  The  free*  vortex  rliffusion  factor  (the  diffusion  factor  resulting 
Iroin  an  .issumption  of  constant  spanwise  pressure  ratio  and  constant 
spanwise  energy  addition)  is  0.423  as  compared  to  0.39  for  the  original 
des ign. 

(C)  Because  of  the  increased  redesign  tip  loss,  the  tip  absolute  flow 
angle  into  the  stator  increases  from  the  original  design  value  of  42  de¬ 
grees  to  about  50  degrees  (Figure  6).  To  match  the  tip  of  the  stator  to 
this  higher  angle,  the  stator  was  closed  8.  5  degrees  at  the  tip  to  zero 
degrees  at  a  2.  53-inch  radius  (80-percent  length). 

(U)  The  redesigned  first-stage  pressure  ratio  and  efficiency  profiles 
are  presented  in  Figure  7.  The  reduced  efficiency  at  the  tip  is  a  result 
of  the  additional  tip  losses  shown  in  Figure  3.  The  slight  variation  in 
stage  pressure  ratio  is  due  to  a  reevaluation  of  first-stage  stator  losses 
(Figure  8),  which  was  necessary  because  of  the  change  in  stator  absolute 
angles . 

(U)  A  comparison  of  the  redesigned  and  original  design  exit  velocity 
gradient,  Figure  9,  shows  only  minor  change.  The  redesigned  gradient 
should  provide  a  satisfactory  transition  duct  exit  velocity  profile. 
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LOSS  COEFFICIENT 


0.  30 


Fig  ure  3.  (U)  First-Stage  Rotor,  Loss  Coefficient  Comparison. 
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PKRCENT  LEN(;TH 

Figure  6.  (U)  First-Stage  Roli*r,  Absolute  Flow  Angle  (lomparisori. 


(C)  Till*  redesigtied  flowpalh.  Figure  Z,  embodies  a  bighi.*r  bub  atul 
higher  tip  radius  at  the  inlet  to  the  first  slag**.  No  i  hange  in  flowpatb 
contour  was  made  downstream  of  the  second  rotor  inlet.  Increasing  the 
aspect  ratio  from  0.646  to  0.963  required  a  higher  first-stage  inlet  tip 
radius  to  provide  a  smooth  flowpath  transition  between  the  first  and 
second  stage  and  to  hold  the  tip  relative  inlet  air  angle  between  65  and 
70  degrees.  Higher  angles  tend  to  close  the  rotor  and  narrow  the  rotor 
choke  margin  (the  ratio  of  actual  blade  throat  to  the  flow  limiting  throat, 
that  is,  sonic  conditions),  so  that  excessive  incidence  angles  are  re¬ 
quired  to  pass  the  desired  flow.  Lower  angles  tend  to  raise  the  tip  rela¬ 
tive  Mach  number  and  in  turn  increase  tip  losses. 

(U)  As  shown  in  Figure  2,  an  accelerating  tip  flowpath  turn  between 
the  first-stage  rotor  and  stator  has  been  provided  to  reduce  the  tip  load¬ 
ing.  The  accelerating  turn  tends  to  locally  increase  meridional  veloci¬ 
ties  and  to  offset  some  of  the  velocity  deceleration  caused  by  liigh  lip 
losses. 

(U)  The  flow  blockage  factors  (aerodynamic  flow  area  divided  by 
actual  area)  calculated  for  the  redesign  are  listed  in  Table  II  and  arc 
compared  to  the  original  design  values. 
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EFFICIENCY  -  PERCENT  PRESSURE  RATIO 


PERCENT  LENGTH 


Figure  7.  (U)  First-Stage  Rotor,  Performance  Comparison. 
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EXIT  AXIAL  VELOCITY  -  FT/SEC 


PERCENT  LENGTH 

Figuro  8.  (U)  First-Stage  Stator,  Loss  Coefficient  Comparison. 
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Figure  9.  (U)  Comparison  of  Compressor  Exit  Axial  Velocity  Profile. 
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(C)  TAHl.K  II  (U) 

FLOW  hiax:kagk  KAG  rORS  (U) 

Axial  Station 

Original  Design 
hlot'  k.tge 

Htfilesign 

lilockagf 

Inlet  to  Rotor  1 

0.991 

Exit  of  Rotor  1 

0.98 

0.97  3 

Exit  of  Stator  1 

0.97 

0.97  2 

Elxit  of  Rotor  2 

0.97 

0.954 

Exit  of  Stator  2 

0.97 

0.953 

(U)  Good  agreement  is  shown  (maximum  deviation  of  1 . 7  percent) 
between  the  blockage  values  of  the  original  design  and  the  redesign. 

(U)  The  velocity  triangles,  which  define  the  aerodynamics  of  the 
redesigned  first-stage  rotor,  are  presented  in  Figure  10.  The  seven  ve 
locity  triangles  are  located  at  selected  streamlines  that  enclose  the 
percent  total  flow  values  from  the  hub  as  defined  below: 

Streamline  Total  Flow  Value  From  Hub  (Percent) 


7 

6 

5 

4 

3 

2 

1 


100.0 

83.3 

66.7 
50.0 

33.3 

16.7 

0.0 


(U)  The  blade  geometry  siunmary  is  presented  in  Table  111.  Double 
circular  arc  blading  was  selected  on  the  basis  of  flow  range  and  success¬ 
ful  experience  with  other  Continental  high-pressure-ratio  axial  compres¬ 
sors. 
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Figure  10.  (C)  First-Stage  Rotor,  Velocity  Triangles.  (U) 
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Figure  10.  (C)  Continued.  (U) 
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~(7^  I  AIU.K  III  (W) 


USAAVl.AHS  KIKST  srAC.KHOTOK  KKDKSKIN  (IKOMKI  KY. 
pCTlinLK  CllU:Ul^iU<  AHC  ni.ADINt^^lJ) 


K  .111  ins 

(L'>.) 

Chord 

iljLd 

.Solidity 

'rhickriesH  Suction 

To  (*hord  Surface 
Ratio  Radius  (In.) 

I’ressure 
Sii  rfac«‘ 
Radius 

Axial 

Length 

_ ) 

2.7'1 

1.23 

1.403 

0.03 

6.  357 

339.71 

0.6159 

2.  50 

1.23 

1 .  S66 

0.0367 

3.  K9K 

16.  89 

0.7234 

2.  20 

1.23 

1.779 

0.0445 

2.  412 

5.  85 

0.8  569 

1.90 

1.23 

2.  OhO 

0.054 

1  6  OK 

3.03 

0.9977 

1.6‘i 

1.23 

2.  373 

0.065 

1.161 

1. 884 

1.  125 

L.  E.  R.  and  '1*. 
To  Chord 

E.  R.  * 

Inlet  Metal 

Exit  Metal 

Camber 

Ratio _ AnKle  (D**k) _ Angle  (D«‘r) _ Angle  (D«-g) 


r — 

0.00326 

62.76 

57.  14 

5.62 

0.  00326 

59.  52 

48.42 

1 1 . 09 

0.00326 

56.  18 

35.  49 

20.68 

0.  00326 

52.80 

18.77 

34.02 

0.  00326 

49.23 

-1. 594 

50.82 

Turning 

Deviation 

Incidence 

Setting 

Angle  (Deg) 

Angle  (Deg) 

Angle  (Deg) 

Angle  (Deg) 

5.  35 

3.21 

2.94 

59.95 

9.  80 

4.67 

3.38 

53.97 

18.  01 

6.  51 

3.83 

45.83 

30.  35 

7.97 

4.30 

35.79 

47.  50 

7.99 

4.67 

23.82 

^L.E.R.  - 

Leading  edge  radius 

T.E.R.  - 

T  railing  edge  radius 
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Addendiini  to  '  'iliiiiu'  II  of  a  2-voIunie 
report 


US  Army  Aviation  Materiel  L.iLoratories 
Fort  Kustis,  Vir);inia 


This  report  presents  the  redesign  analysis  •  the  axi;il  rornpressor  pro)>r.-ini  for 
the  advancement  of  small  ){as  turbine  component  teihnolony.  (U) 

A  two- stage  axial  compressor  was  redesigned  using  test  data  from  the  previous 
two  stage  tests  together  with  an  analysis  of  a  f.amily  of  high-pressure-ratio 
compressor  rotors.  The  major  changes  made  to  the  original  design  were  reduced 
solidity  in  both  rotors,  increased  first-stage  rotor  aspect  ratio,  and  modified 
first-stage  rotor  blade  profile.  (U) 

The  redesigned  axial  compressor  had  the  following  design  performance  goals: 

Airflow  =  5  Ibs/sec 
Pressure  ratio  =  3.0:1 
Adiabatic  efficiency  =  82,6  pet 
Inlet  hub  tip  ratio  =  0.  51 

First-stage  rotor  tip  speed  =  1448  ft/sec  (U) 
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